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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.
TECHNICAL MEIIORANDUM NO. 388.

LXPERIMENTS WITH A SPEERE FROM WHICH
THE BOUNDARY LAYER IS REMOVED BY SUCTION.*

By Oskar Schrenk.

The task of removing the boundary laver by suction consists
in producing, in place of the ordinary flow with the formation
of vortices, another kind of flow in which the vortices are elim-
inated by drawing small quentities of fluid from certain points
on the surface into the interior of the body.

This idea is an outgrowth of the boundary-layer theory and
is nearly as old as the theory itself. When Professor Prandtl
made the first public announcement in 13904, regarding his‘bound—
ary-layer theory. he referred to an experirent he had made for
confirming his theoretical conclusions, which experiment was
vased on the suction principle. It was only at a much later
date, however, that the hope of opéning up new technical possi-
bilities with the aid of suction furnisghed the incentive to wore
therough researches in this field. These researches have been
carried on since 1923 by J. Ackeret and A. Betz in the GOttingen

‘Aerodynamic Lavoratory, and heve led to some very good results,

which, however, for various reasons 1t has hitherto been irpossi-

* "Wersuche an einer Kugel mit Grer 1zsohlcnuabsaugung,’ from

"Zeitschrift fur Fluviecbnlk und ¥otorluftschiffahrt," September
14, 1926, pp. 266-372.
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ble to publish.*

The experiments with a sphere, which constitute the subject
of this report, were made carly in ta: present year with appa-
ratus which had been previously used by Ackeret.

I. Theoretical Considerations
&

In order to understand what is to follow, it 1is first nec-
essary to consider certain aspects of the boundary-laver theory.**

It is customary to designate as "boundary layer"! the usual-
1y quite thin laver of fluid along the surface of a body, in
which the velocity, under the influence of viscosgity, is reduced
from its full value to zero at the wall (Fig. 1). Outside of
this layer, there prevails the so-called "potential flow," in

-

which practically no viscosity effect can be traced. This dual

division of the stream into viscous boundary laver and non-

viscous potential flow is a simpiifying assumption for a chiefly

* Excepting & brief repor’t on "Ixperiments with an Alrfoil frow

which the Boundary Layer s Hemoved wy Suenlon (Sege H.L.C.A .
Technical Jemorandum Hq. 74, by J. Aciwret, 4. Betz, end O.
Schrenk), in No.4 of 4 Verleurige kittciiungen der Aerodynamischen

Versuohsanqtalt ZU Lb++;ﬂgbﬂ i

** The reader is here referrved %o several articles which deal
with bOUPd&“Y*lL]bT phencmens in connection with slotted wings
and the Magnus effect: Au:uib:, "Recent Experiments at the Gottin-
gen Aerodynamic Institute,” "Zeitschiift fur Flugtechnik und o-
torluftschiffahrt," Feb. 14, 5%, pp. 44-82 (N.A.C.A. Techaical
Memoran&qm No. 3?5) Betz, "kericute der Wissenschaftlichen Gesell-
schaft fur LuftLanrt " No.8, Jan. 1.S23: Betz, "Magnus Zffect, the
Principle of the Flettner Ro*“r," iZsitschrift des Verelnes dout-
scher Ingenieure," Jan. 3, 1$25, pp. 9-14 (N.A.C-a. Technical Mem-
orendum No. 310); Prand+tl, "spplication of lagnus Effect to ¥ind.
Propulsion of SthS," “Die Wa*ur"icsenschaften," 19385, pp. 93—
108, (1.4.C.A. Technical Menoranium No. 367). .
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rapld but constant fading away of the viscosity effect from the
wall outward. In the potential flow, as distinguished from the
boundary.leyer, we have the so-called ilaw of Bernoulli,

p + %‘We = k, which clearly cor“vccu the pressure p of any
poinfkwith its velocity. In this connection P (the density of
‘the fluid in question, is to be regarded as consiant, while the
value of k 1is the same for the wkhole potential flow.

Within the boundary layer the alr can flow along the wall
in smooth varallel layers, in waich case the boundary layer is
Cesignated as "laminar." This varallel flow may, however, over—
lay an irregular vortical mixed ficw, in wnich case the boundary
Jayer is called "turbulent." The latter form of flow usually
occurs when the so-called "Reynolds Humber" of the boundary layer
in question, Eaé (in vhich u = the undisturbed velocity at
the edge of the boundary laver, € = the thicknscs of the bound-
ary laver and Vv = the kinetic wviscosity of the fluid), exceeds
a certain critical value. Below this value the laminar flow is
stable. It may be added that, in boldics of geometrically simi-
lar shape, the transition from the laminar to the turbulent flow
in the boundary layer ie sinply & function of the Reynolds Mum-
ber of the body %%, ag usually defined (v = velocity of flow,
1} = a definite reference laagth oa th2 Lody). A further impor-
tant distinction can be rade vebwsen thne two kinds of flow. In
the turbulent boundary layer with 1ts mixed flow, there is a

much more vigorous te¢gl trens ence of force than in the
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laminar flow, where tpe impulses are transmitted between parallel
layers by the forces of viscosity alone. This fact may be ex-
plained by assuming that the "microscopic" mass and impulse ex-
change of the mixed flow is added to the molecular or "micro-~
scopic" mass and impulse exchange of ihe viscosity. This ex-
plains the fact that the velocity in the turbulent boundéry layer
is still guite high near the wall and finally drops abruptly to
zero, in contradistinction to the laminar boundary layer, in
which the velocity decréase is much more gradual.

The boundary layver often energes from its "invisible" gtate
and suddenly produces turbulent regions on the rear side of ob-
jects or behind sharp edges. These turbulent regions push away
the smooth potential flow from the surfaces and cause the well-
known phenomenon of separation or detachment. The turbulent

rexiong are filled with much-retarded and eddying and often

backward-flowing air, which, as the distance from the object in

l

creases,'gradually recombines with the outer votential flow by
diffusion and friofion. 2t can also be cstablighed that the
region Whére detachment thareatens is alwavs where the potential
flow has been retarded.

Since the boundary laver is the cause of this detachment,
it has also beon experimentally investigated. Lotion pictures
of running water show that, in the first moments of motion around
& cylinder, there is a potential flow, deveid of turbulence,

which combines on the rear side of the cylinder in a center of
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dynamic pressure, just as it scoorates on the front side.* It
ig then seen that, behind the place of maximum cylinder width

and hence in the region of retarded ficw, a di

mn

turbance suddenly

develops from the boundary layer, which finally transforms the

<

whole flow into a region of turbulencz or "dsad water."

This disturbance is caused by the stopping and the parﬁial
return flow of the boundary-layer material. That which takes
place in the boundary layer &t this instant is, to a certain
degree, physically comparable with the motion of a pendulum re-
tarded by friction, while the potential flow correspconds to a
frictionless or ideal pendulum. A pendulum can be relessed
without initial velocity from its starting altitude and will
move toward the lowest voint of iis path. This corresponds to
the beginning of the boundary-layer flow at the forward center
of pressure, i.e., at the center of maximum siatlc pressure
with the velocity zero. If the pendulum were not affected by
friction, it would, at this point, have acquired just as much
kinetic emergy as it had lost potential energy (point of maximum
condensation of the streamlines and hence, accecrding to Bernoul-
1i's law, the point of maximum pressure in the potential flow). -
At the expense of the kinetic energy just acquired, the pendu-
lum could then regain ite crigiral altitude at the opposite end
of its oath, which it would reach at exactly zero velocity (cor-
responding to complete regainirg of the pressure in the potential

flow at the expense of velcci%y). This process changes, Lowever,

* Tietjens, 1925 Yearbook of the W.G.L., p. 100 ff. ©See zlso
"Kinetographic Flow Pictures," by Prandtl and Tietjens, H.A.C.a.
Technical Menorandun No. 3€4.
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when the pendulum is retarded by friction. Since some of its en—
ergy is logt, it can not reach its original altitude, but stops
short of it and thus loses potential energy.

In nlace of the fangential force components in the pendulun,
the boundary laver has the pressure course which, on account of
its *hinness, is impressed upon it oy the outer potential flow.
Thus 1t is comprehensible that, after the first moments of flow
along a surface, boundary-layer material may suddenly accurulate
at any point of the pressure increase, mar push out into the po-
tential flow with partial return flow and may combine with por-
tions of the latter in vortical forms, from which the turbulent
region behind the body is evolved.

The portion of +the boundary laver in centact with the wall
is so greatly retardsd that we might erxpect the reversion and de—

tachment of thz flow %o begin here simultancously with the set-

ot

ingz in of the vressure increasc. Many slender objects, however,
show no real flow detachment in their rezgion of pressure in-
crease, but only a great retardation and extension of the bound-
ary layer, which may,, moreover, produce a change, even though
glight, in the combined flow, as compared with the pure potential
flow. The reason the detachment does nct occur in such cases, is
the previously mentioned lateral-impuise transmission, which is
smail for a laminar boundary layer, but may be quite large for

a turbulent layer, and indicetes a towing effect opposed to the
slackeﬁing of the boundafy-layer flow. This towing effect is

also connected with the often-obgserved fact that the detachment
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of the flow from bedies avove tae critical region beging farther
back than belcow the critical region (Figs. 2-3).

In such dangerous regions of Drses:
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of boundarv-layer material by suction serves to prevent excess—
ive shickening of the boundary layer and thereby the detachment
of the flow at this point. In many cases a single narrow suc-
tion region is not sufficient, out several such strips must fol-
low one another, or a surface nust be used from which the bound-
ary layer is continually remcved by suction. Since the pressure
relations round about a bodv are very closely connected with

the course of the outer flow, suctfion is also a means for influ-
encing the forces of pressure acting on a body, including the
1ift ( and induced drag) and the pressure rcsistance produced
ihdependently'of the 1ift. Pny vorecduction or increase of dis-
symmetry in the ficw abocut a boly means an increase in the 1ift
(including induced drzg,, a diminution of the turbulent region
and a diminution of the pressure resistance produced by the dis-
placement of the potential flow. It is known that the pressure
resistance is zero for a potential flpw without turbulence.

A further possibility, afforded by this suction, is the im-
provement of the flow in elbows, diffusers, etc. Regarding this
point the reader is referred to an article on the removel of the
boundary layer by suction, which is now being prepared by Ackeret
and will be published in the "Zeitschrift des Vereines dcutscher

“Ingertieure.
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Regarding many dead-vater formationg(e.g., on sharp bends
and edges) the opinion might be hsld that the detachment and
‘st”alght ahead flow is the natural form of flow resulting from
inertia, that it has nothing to do with {the voundary layer and

ould not therefore be prevented by suction. This view is in-
correct. Even in these cases, the fluid fomms no turbulent re-
gion at the very first. Both kinds of flow are, in a certain
sense, vhysically conceivable, namely, the onc free from Hurbu—
lence and the one with a dividing surface between the fluid at
rest and trhe fluid in motion. The production of such a divid-
ing surface is impossible, however, in the acceleration of the
matter from the condition of rest, as demonstrated by the con-
sideration of the pressure relstions.* Even in these cases,
the detachment is caused by the boundary layer.

Importaent also is the estuvlislinont of 4he facts that the
pure surface-friction drag is not diminiched but augmented by
the.suction and that tharefore the removal of the boundary laver
from a body with predceuninant *rﬂctlonal resistance or drag is
accompanied by no diminution of the drag.

A sphere was tested as an example of the effect of the suc—

tion, the special aim being to diminish the turbulence ani conse-

* An acceleration of the fluid only on one side of a dividing
su* fece would mean thgt here, in the first instant, a prescure

decrcase Ap = A 3 o & slong the dividing surface, comected
with the acceleration would occur, while this could not occur in
the immediatelyv adjoining, unaccelerated region. Pressurc im-
pulses would thus arise athwart the dividing surface, which is
physically impossible.
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quently the pressure resistence. How large, in the case of +the
sphere, the effect of the magnitude of the turbulent area cen
be on the pressure distribution, is cuiown.by the consideraticn
of the subcritical and supercritical flows about the sphere
without suction (Figs. 3-3), for which the pressure-distribution
data are available (Fig. 5). The computed pure potential flow,
as it might be obtained thrcugh verfect removal of the boundary
layer by suction, is added s the third case (Fig. 4). The
three pressure distributions ars reprzeented by three different
cy vVvalues, the greatest for the lsminzr boundary-layer flow
and ¢y = O for the pure votential fiow. The pressure distri~
butions I and II are taken from Eiffel exvperiments, but seem to
show zome inaccuracies.* The vreblen of the critical numl

for spheres ig thorcughly discussed elsecwhere.**
IT. Apparatus

The experiments were porformed in the swall wind tunnel at
GOttingen. The drag was found in the usual manner by weighing
(Sce "Ergebnisse der Aerodynamischen Versuchsanstalt zu Gottin-
gen," Part I, p.237). The arrengement of the apparatus is shown
in Fig. 6. The portion connected with the drag balance is sus-

vended by the wires V,, V., and D and comsists cf the

*

Eiffel, "Nouvelles recherches sur la resistance de l'air ot
1'aviation," Faris, 1814, p.J?
** Prandtl, "Der Luftwiderstand von 2ugeln," Nachrichten d. Kgl.
Gesellschaft ¢&. Wissenschef b zu uOthilQOﬂ, Meth.~-Phys. Klasse

1914. Wieselsberger, "Der Luftwiderstand von Kugeln," "Zeit-
schrift fur Tlugtecnalk und Hotorluftschiffahrt,” 1914 p.140.
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sphere and the tubes as far as the vertical tupe R. The drag
balance is connected with the forward ceanter of pressure by the
wire W, which is kept taut by & welight OSp attached behind
the sphere. The vertical tube R and tae water tank Wg (Fig.
7) are located outside the air stream. It is apparent that the
movable portion of the apparatus can swing freesiy during the
welghing without interfering with the suction.

Ingide of R there is a narrow-meshed sieve S, whose
object ig to straighten the air flow before it enters the fixed
tube 4, since otherwise an opposing force would be exerted on
the suspended portion of the apporatus, thereby impalring the
drag measurement. It is also important for the planes of V¥,
and V, and the direction of D 1o be vertical, lest 1lifting
forces on the sphere and streamlined ftube likewise cause an er-
ror in the drag. 4Above all, such an ervor might be caused by
the pressure on the upper end of K, regulting from the differ-
ence vetween the internsl and sxternal pressures.

Fig. 8 shows the suction apparatus insicde the sphere, to-
gether with the dimensions. The sphere was turnsd out of wood
and polished. In the first experiments, a plain woven-wire
sieve was usec as the surfaoe for the suction region and subse-
quently a fiﬁely nerforated brass sheet C.4 mm (0.257 in.) thick
(Fig. 9). The diameter of each hole was C.3 mm (0.012 in.) and
the number of holes was 108/cw® (696/sg.in.). The air was drawn

away from annular strips, as shown in Fig. 8. The arrangemen
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shown here is the one used in %the experiments of previous vears.
Since, at that time, the foremost strip was found to be super-
fluous (at least for the supercritical region with its point of
detachment far to the rear), this strip was subsequently closed
, by a gtrip of ordinary tin. Farthermore, the other individual
strips were replaced by a single spherical cap, on wiich suction
rings and uncovered regilons could be arranged by pasting thin
paper.

Ingide the sphere there was a device for measuring the neg-
ative pressure uroduded by the suction. This device consisted
of a small brasg tube, with lateral perforations, whose open rear
end terminated inside the tube T of the suction pipe (Fig. 8).
The rubber measuring tube, there located, was of course renoved
during the weighing.

The quantity of ailr flowing through the tube A was deter-
mined from the fall in pressure, aocofding to Bernoulli's law,
by means of the Venturi tube at M (Fig. 8). A wire-gauze
sieve or strainer S1 had 1o be placed in front of the Venturi
tube, in order to produce a uniform velocity distribution. A
honeycomb current rectifier H; also had to be inserted between
the Venturi tube and the centrifugal fan, since the latter, in
the requisite strongly throttled condition, caused rotating alr
currents to flow to the measuring point and thus increased the

pressure reading at the circumference of the tube.
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ITI. Experiments and Results

Ag already mentioned, the gquantity and the negative pres-
sure of the removed air and also the resistance were determined
by measurement. It is known that the resistance measurements
of the sphere, ceven under ordinary conditions, offer great tech-
nical difficulties. Things appearing at firgt of trifling lmpor=
tance, such as the degree of turbulence of the wind, slight super-
ficial roughness and the methed of susvpension, sometimes greatly
affect the course of the flow, the point of detachment and the
resistance or droe. These difficulties sre increased in the
case of the sphere from which the boundary layer is removed by
suction, where the character of the surface and the size of the
suspensidn device are determined by other conditions. The annu~
lar strip of tin at the couator (the region of greatest sensitiv-
ityéto disturbing influences) is, in this respcct, somewhat
guestionable, as also the covering with paper, but they could not
be avoided at first. It is not surprising therefore that the re-
sistance or drag values of our sphere, when not subjected to
suction, are not exactly the same at different times and that
they'do not entirely agrce with previous resistance measurements
with spheres.

The simultaneously mecagurcd secondary resistances (Wirés
and tubes in the alr stream) were eliminated by auxiliary experi-
ments. They can not be determined with absolute'acouracy, be-

cause the flow behind the sphere, where these vparts are mostly
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located, differs for everv case. 4An auxiliary experiment was
tried without suction with the sphere suspended only as a screen
before the parts producing the secondary resistances. An§ther
experiment was tried for the case with suction, in which the
sphere was removed, thus leaving the parts preducing the second-
ary resistances in the unimpeded air stream. In a potential
flow without any turbulent region the second auxiliary experiment
alone would have given approximately correct results. The aciual
relations seem to be closely approximated by the arithmetical
mean between the first and second cdetermminations of the second-
ary resistances or drags. Ai estimation indicated & vpossible
error of about +5% in the resistance of the spherc by *his
calculation method.

The object of the experiments was to determine the greatest
possible resistance dimirution in our experiment apparatus.
They were not therefore very cystematic. In every case the suc-
tion was as grest ag the fan could produce, since it was found
that an increacse in the resistance always accompanied any dimi-
nution in the suction. The effect of the sﬁotion is therefore
always anoroximrtcly, though not exéctly, the same. The manner
of presentation of the results in Figs. 10-11 was necessitatéd

by this method of experimentation. Regarding the wind velocity

vd

» (@ = diareter

v and the corresponding Reynolds HNumber R =
of sphere) for every kind of uncovering, there are here plotted:

Cwo» the drag coefficient of the sphere without suction; ¢y,



M.A.C.A. Technical Memorandum No. 388 14

the best coefficient obtained by suction; and the nondimensional
coefficients x and z, from which the strength of the suction
can be calculated.

The quantity of air sucked away per sccond is determined
from x,
| Q=xvF
and the suction strength from sz

e s &
L=z = v3 F, in which F =z -

XF can be conceived as a surface which gives an optical
presentation of the quantity of air removed by suction. Within
a cylinder consisting of streamlines and having a cross section
xF, all the air drawn in flows toward the sphere (this cross—
sectional area is, in our experiments, 1-7% of the total cross-
sectional area TF).

La = Qpg was taken as the force of the suction (pa = the
negative pressure inside the sphere). The force thus defined is
only the force required to draw the air into the sphere. The
force required to remove the air from the sphere depends on the
arrangement and 1s not here taken intd account.

The results show considerable diminution in the dresg, which
is especially noticeable in the medium velocities, An equal
drag diminution, with corresponding suction effects, can natur-
ally be expected for higher velocities. Our small fan is not
powerful‘enough here. The increase in the drag at low velocl-

ties, in the subcritical region of our sphere, has another cause
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(the critical Reynolds Number of our sphere is about 200, 000) .
The previously mentioned clcsing of the equatorial suction strip
probably produces an unfavorable effect here. Even before the
suctlion begins, the potential flow in the subcritical case be-
comes detached, near the equator (Fig. 2), and what must now be
drawn in additionally, in orxder to restore the potential flow,
is not only the boundary~1ayer material, but a large quantity
of previously free-flowing air which, after the detachment, has
become mixed with the boundary layer in the formation of vor-
tices. The forward impulse of all these quantities of air re-
duced to zero velocity shows in the balance as drag.

The suction quantities and forces are strikingly large, be-
ing ﬁuch larger than rough theoretical calculations would lead
us to expect. This fact can probably be explained by the char-
acter of our experimental apparatus. This could not be changed,
however, during the present cz2ries of experiments, since such
changes would require considerable time and money. The large
gquantity of air withdrawn by suctlon is probably due to excessive
superficial roughness with relation to the thickness of the
boundary layer. The latter is thin {(about 1 mm = 0.04 in.) and
the portion sucked away is considerably thinner. A great deal
seems to depend on the smoothness of the body. The great nega-
tive pressure, required to produce the suction, is due to the in-
sufficient perviougness cof the sieve, which was originally de-

signed for small quantities. The experiments showed that in the
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cagses of small c. valucs

- , the internal negative pressure pro-

duced by the suction was from two to six times the dynamic pres~
sure % v2, " while the external negative pressure on the portion
of the sphere subjected to suction was between zero and 0.7 g v=.
A11 +the remdining pressure in the cases tested, hence 2/3 %o
11/12 of the total pressure, was required to overcome the resist—
ance of the sileve, which was éll the greater because the entrance
velocities through the different suction strips usually differed
from one another. It is obvious, however, that the reduction
of the guantity of air sucked avay and the increase in the effect
of the suction to that theoretically possible is indeed conceiv—
able and to be eXpeoted,'but requires further experimentation.
Figs. 12-13 show the diminution of the turbulent region by
the aid of suction. The smoke introduced from the rear shows
the extension of both turhulent regions, Fig. 12 being obtained
without and Fig. 13 with suction. Fig. 13 shows very clearly
how unstable the potentiai flow, produced by the suction, can be.
The portions of the smcke, vhich have passed farther away from
the sphere, lie considerably higher than the turbulent region at
the instant of its inception on the sphere. The turbulent re-
gion is therefore deflected during the preceding instant from
above downward. Similar oscillations were constantly traceable
even in measuring the negative pressures and the quantities of

air, a2g also in finding the drag. Thaere were cases where simul-

taneous measurements of the draz and of the negative pressure
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showed oscillations vetwecen two essentially different states of
flow, which took place at intervals of several seconds. This
question of stability naturally vpliays a more important role in

more technical problems than it does here.

As a sort of appendix, we will present still another con-
sideration, which likewise concerns a more technical aspect of
the problem of reducing the resistance or drag by meens of suc-
tion and which is not therefore of great importance for the case
of the sphere, especially with the values of =z and x +thus far
obtained.

For judging the possible saving in energy, as will be cemon-

strated, the power without suction is

not simply cpposite

T 0 .o
41 Cv; 8 v F
but o
L' = (cqg + 2z - x) 3V3F, .

in which ¢ + 2 -~ x 1is o sort of effective coefficient of drag
in the suction cage. Norcover, we have in its place, if we in-

clude the efficiency 7 of the suction fan,

2 {9

Cy * & = M X

N

AN

The texm z (or ) There means nothing more than the pewsr

=3

required for sucking the air into the sphere. The other term
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~x (or -mx) 1is a little barder to understand, since it is in-
volved with the manner of rcmo#ing the air from the inside of
the sphere. It is marifest that the method of our experiment,
namely, to draw off the air laterally and pervendicularly to

the direction of the wind, is not technically the best, when we
" consider that any thrusting back of the air toward the rear will
always produce a forward thrust and is therefore better than any
other method of removing the air. The problem is simply as to
what is the best velocity for forcing thé air ftoward the rear.

This velocity is denoted by n v, in which n is a coefficient

of unknown value at first. An accelerating force of

wlo

Iy = Q
1s required in order to raise the velocity of air in the sphere

from O to this velocity. This force tlLerefore corresponds o

a nondimensional coefficient

According to the law of impuléion, the backward thrust produces
a negative coefficient of drag
AW=-Qpnv=-23x n‘% v® F
hence a nondimensional coofficient
Cr”

W =—2Xﬂl

The best exit velocity n v iz the one in which the mininum

value of n is
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11 S 1 H
Cy = Cy * Oy

il

x n® - 3 x n,

the reduction of which gives

n”’lc

The air is best removed therefore at its entrance velocity.
cy was determined in our experiment without any backward-thrust
" coefficient and, moreover, the acceleration force, as previously
determined, wvas not measured simultaneousgly. The case of our

i

experiment is therefore the one with =n = 0 and hence, ci; = O,

n_

while o = - x corresponds to the best n = 1. We may there-

fore deduce this value x from the measured ¢ in order to

we
obtain the most favorable case of the effective resistance or
drag. This value x (taking into account the efficiency of
the pump) finally becomes 1 x, as follows from the repetition

of the minimum value for

"y .
Cyy =N X ne -2 xn

instead of the earlier value x n® - 3 x n. Moreover, the best
exit velocity is here m v instead of v.

If this result is applied to the experimental values, we
find that

Z
CW-I—TI:I-—'QX

in the most favecrable cases, is approximately of the same magni-

tude a8 oy, f(e.g., for v =13 m {43 ft.)/sec. on Fig. 11b:

= 1.3 and ¢, +

c W

- n x = 1.323 with the assumption of

S

wo
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m = 0.75). This apparently rather poor result is due to the
above-described suction conditions of our sphere and will be im-

proved along with the experimental values for x and zZ.

Translation by Dwight M. Miner,
National #dvisory Comnittece
for Aeronautics.
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Fig.2  Subcritical flow.
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Figs.6,7 & 8
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15 30 v,m/sec.
| f
0.3 |>
0:23 .10
cwo | e
Cry K
b4 P
0:1 e <05
. ;"" \ L
- ™ ; x| kel X
N ] 1 11¥
O(rL. ! ] (L . ] H ‘ { O | ] i ] 0
p = 4mm(0.15%7in.) = 23mu(0.908in.
q = 5mm(0.197in.) W o= 25mm(0.984in.§ Fig.10
T =7.5mm(0.2951in. x = 35rm(1.378in,
s =10mm(0.394in.) v = 45mm(1.772in.)
t =138mm(0.473in.) z = 55mm(23,165in. )
u =15mm(0.591in. )
b C
Uy i
(2
0.4 L)
|
\
A
1]
0.3 - “7\ v i
Cwo |11 %X
CW Wi ‘\ ‘Xow"\
0.2 - .10
HEUY
Z CIRY Chr | X
U ‘N \ Iy Lol i
Yoo vn@ \nTX \‘b 0%;}_%:. Y % ?-r
5 N | /
O.l X \\\9 \ L “A | ; . O\J 005
3 - N i Y
o B \“ 3 ,Or"‘>'y“ti¥
R SN iy e
o LT T = TS T e T T T TR
10 20 | 10 130 | 10 20 v,m/sec.
w105 | <105 1x105 | %105 1105 | 3x105 |
2x105 4105 2x105  4x105 2x105 4x105 g

Fig.1ll



Fige.9,12 & 13
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